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A porphyrin ‘‘Mille-Feuilles” photo-electrode is fabricated layer-by-layer by deposition of anionic [zinc meso-tetrakis(p-sulfonato
phenyl) porphyrin]4 (ZnTPPS4) and positively charged polypeptides on a 11-mercaptoundecanoic acid-modiﬁed gold electrode to
form a photoactive ﬁlm. This work demonstrates that it is possible to form 3D structures having regularly spaced layers of redox mol-
ecules. UV–visible spectra of the multilayer ﬁlms display the characteristic absorption bands of the porphyrins and the absorbance
increases linearly with the number of bilayers. The cyclic voltammetric response of the ﬁlms in contact with 1,2-dichloroethane
(DCE) varies from that of a modiﬁed electrode to that of a supported liquid ﬁlm. Under illumination, a large photocurrent response
for oxygen reduction with a maximum for a 5-bilayer ﬁlm is observed.
 2008 Published by Elsevier B.V.
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The design of photo-electrodes is a key aspect of solar
energy conversion. The main approach relies on semicon-
ductor for the charge separation process. With the goal
to mimic photosynthesis, many eﬀorts have been devoted
to the development of modiﬁed electrodes where a metallic
electrode is directly sensitised by a chromophore. Porphy-
rins in particular have been widely used to produce modi-
ﬁed electrodes, either with a monolayer or a multilayer
structure. Usually, the dye sensitised metallic electrodes
suﬀer from signiﬁcant back electron transfer reactions.
To circumvent this problem, we have developed the con-
cept of supported interfaces between two immiscible elec-
trolyte solutions (ITIES), where the electrode is covered
by a thin aqueous layer and immersed in an organic elec-
trolyte solution. We have shown that it is then possible
to sensitise the liquid|liquid interface (ITIES) to vectorise
the photo-electron transfer reactions [1–3].0022-0728/$ - see front matter  2008 Published by Elsevier B.V.
doi:10.1016/j.jelechem.2008.02.007
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E-mail address: hubert.girault@epﬂ.ch (H.H. Girault).As one of the most suitable and versatile approach to
fabricate functional two-dimensional or three-dimensional
thin aqueous ﬁlms, electrostatic layer-by-layer self-assem-
bly based on the work of Decher and co-workers has found
many applications in molecular and nanoscience technol-
ogy [4–7]. The key advantage of this approach is the possi-
bility of assembling a number of diﬀerent hybrid materials
such as polyelectrolytes, biological components, nanoparti-
cles and photoactive dyes [4–10] thanks to the alternate
deposition of layers of opposite surface charges. Other
important features include the simple deposition process
and the possibility to control their organization at the
molecular level as well as to control the thickness easily
by varying the number of adsorbed layers.
Successful applications of this technique are in the ﬁeld
of photoinduced electron transfer reactions, where the
functional two-dimensional or three-dimensional thin ﬁlms
incorporate photosensitisers, which can generate photo-
electrons under light illumination [10–12]. It is well known
that porphyrins represent an important class of photosen-
sitisers with high extinction coeﬃcients in the visible
region. They can be found in chlorophylls as light-harvest-
ing complexes for the natural photosynthetic system
Scheme 1. Representation of the ‘‘Mille-Feuilles” photoelectrode.
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light-harvesting complexes has stimulated the development
of routes to form porphyrin multilayers in polypeptide
matrix by electrostatic layer-by-layer self-assembly. Highly
conductive metal electrodes are a natural choice for assem-
bling molecular layers with photoelectric functions, and for
example thiol-modiﬁed gold electrode have been exten-
sively used to assemble a great variety of organic molecules
[15].
Recently, we have shown that it was possible to create
three dimensional structures by alternate deposition of
negatively charges quantum dots (CdSe, CdSe@CdS, . . .)
and pLys [16], which when immersed in an organic electro-
lyte solution behave as eﬃcient photo-electrodes for
oxygen reduction. In the present study, we demonstrate
that alternate multilayers of negatively charged, small
and rigid molecules like porphyrins and polycations pro-
vide a very eﬃcient route to generate ‘‘Mille-Feuilles”
structures with photoactive properties, which have been
studied at various applied potentials and thicknesses.
The goal of this work is to highlight the diﬀerence between
a modiﬁed electrode and a supported ITIES where a sec-
ond polarised interface is supported on the solid and
polarised metal electrode.
2. Experimental
2.1. Chemicals
All chemicals were of analytical grade and used as
received unless otherwise described. Poly-L-lysine (pLys,
MW = 30,000) was purchased from Sigma. Zinc meso-tetra-
kis(p-sulfonatophenyl) porphyrin tetrasodium (Na4ZnTPPS)
is a product of Porphyrin Products Inc. 11-mercaptoundeca-
noic acid (MUA), and the solvents (1,2-dichloroethane
(DCE) and ethanol) were purchased from Aldrich. Diso-
dium hydrogen phosphate (Na2HPO4  2H2O), sodium
dihydrogen phosphate (NaH2PO42H2O) and bis(triphenyl-
phosphoranylidene) ammonium chloride (BTPPAC1) are
Fluka products. Lithium tetrakis(pentaﬂuorophenyl) borate
(LiTPFB) was purchased from Boulder Scientiﬁc. The
organic supporting electrolyte, bis(triphenylphosphor-
anylidene) ammonium tetrakis(pentaﬂuorophenyl)borate
(BTPPATPFB), was prepared as previously reported [17].
The buﬀer solution with pH 8 was prepared with 0.1 M
Na2HPO4  2H2O and NaH2PO4  2H2O. All aqueous solu-
tions were prepared with puriﬁed water from a Milli-Q 185
system (18.0 X cm).
2.2. Electrostatic multilayer preparation
The gold electrodes were prepared as follows. A 100 nm-
thick gold layer was deposited by thermal evaporation on
microscope glass slides, which were treated with a Piranha
solution and cleaned by sequential sonication in ethanol,
acetone and puriﬁed water followed by drying under the
Argon ﬂow. Before the gold deposition, a 1 nm thickchromium buﬀer layer was initially deposited on the glass
slide to improve adhesion of the gold ﬁlm. Then, the as-
prepared gold electrode was modiﬁed with MUA by the
formation of gold-thiol bond when the freshly prepared
gold electrode was immersed into 1 mM MUA ethanol
solution for one night. Loosely bound MUA molecules
were removed from the electrode surface by rinsing succes-
sively with ethanol and water, and then dried with nitrogen
stream. The pLys/ZnTPPS4 multilayers were assembled
by the alternatively sequential immersing of the MUA-
modiﬁed gold electrode into alternating aqueous solutions
of 1 g L1 pLys (0.1 M phosphate buﬀer solution at pH
8.0) and 1 mM ZnTPPS4 solutions, starting with a pLys
layer and ending with a ZnTPPS4 layer until the desired
number of (pLys/ZnTPPS4)n bilayers was deposited
(Scheme 1). Between each dip, the multilayer ﬁlm was
rinsed with ultrapure water and dried under nitrogen
stream. The deposition time for pLys is 20 min, which
was assigned by Kelvin probe measurements [18]. The
deposition time for ZnTPPS4 was 60 min, as determined
by UV–visible absorption spectra. Indeed, no signiﬁcant
increases in absorbance were observed upon immersing
the polyelectrolyte layers into aqueous porphyrin solutions
for longer times [18]. It is important to stress that
ZnTPPS4 are rigid molecules carrying four charges. The
principle of layer-by-layer deposition is that the adsorption
of each layer provides a surface excess charge, not only
compensating the charge of the underlayer. It is crucial
that each adsorbed molecule carries more that one charge,
behaving as a poly-ion, i.e. an ion for which the solvation
energy is the sum of the solvation energies of each ionic
moiety. Indeed, it is diﬃcult to do layer-by-layer structure
with ions carrying a single charge such as, for example fer-
rocyanide (Fe(CN)6
4).
2.3. UV–visible absorption and ﬂuorescence measurements
The formation of multilayers of (pLys/porphyrin)n were
monitored by UV–visible absorption spectroscopy (Varian)
and luminescence spectrometer (PERKIN–ELMER,
LS50B) by depositing directly the multilayers on negatively
charged microscope glass slides treated with a Piranha
solution.
Scheme 2. The electrochemical cell and electrolyte composition.
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Fig. 1. (a) UV–vis spectra of (pLys/ZnTPPS4)n multilayers (n = 1, 3, 5
and 7) (black lines) and of a ZnTPPS4 dilute solution (gray line). (b)
Maximum absorbance at kmax = 434 as a function of the number of pLys/
ZnTPPS4 bilayer.
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Cyclic voltammetry of (pLys/porphyrin)n multilayers in
a DCE solution was performed on an Autolab PGSTAT-
30 potentiostat (Eco Chemie) in a three-electrode conﬁgu-
ration. The corresponding experimental cell and electrolyte
composition is illustrated in Scheme 2. The multilayer
modiﬁed gold slide functions as the working electrode,
and a Pt wire as the counter electrode. And the reference
electrode was assembled using an Ag|AgCl wire together
with a non-polarisable water|DCE interface with BTTPA+
as the potential determining ion. The supporting electrolyte
used in DCE is 5 mM BTPPATPFB. All potentials
reported refer to the Ag|AgCl electrode.
2.5. Photocurrent measurements
Photocurrent transient measurements of (pLys/porphy-
rin)n multilayers were performed in a DCE solution using
5 mM BTPPATPFB as the supporting electrolyte under
potentiostatic conditions, where the external potential bias
was supplied by a Hi-Tek waveform generator (Hi-Tek
Instruments PP-R1). The illumination was carried out with
a beam line of 454 nm from an argon ion tunable laser
(Omnichrome series 43). An optical shutter with an aperture
time in the range of ls was used to control the illumination
time. The photon ﬂux was quantitatively determined with a
calibrated power meter (Gentec, TPM-310).
3. Results and discussion
3.1. Spectroscopic studies on (pLys/ZnTPPS4)n
multilayers
UV–visible absorption measurements were carried out
to monitor the electrostatic layer-by-layer self-assembling
process of pLys/ZnTPPS4 multilayer ﬁlms, and the results
are shown in Fig. 1a. It should be mentioned that pLys
does not have any appreciable light absorption in the visi-
ble region as major transitions occur in the UV region
(<300 nm). In the multilayer ﬁlms, the absorption spectrum
of ZnTPPS4 displays a strong Soret band at kmax =
434 nm and two weak Q-bands at kmax = 563 nm and
606 nm. These signals suggest a successful ﬁlm deposition
by the electrostatic layer-by-layer approach. Importantly,
the absorbance of ZnTPPS4 is increased with the number
of depositing cycles, while the shape of the absorption
spectra remains stable. By plotting the optical density at
434 nm versus the number of bilayers, a good linearrelationship could be obtained, as shown in Fig. 1b. This
indicates that the multilayer growth for both pLys and
ZnTPPS4 is a stepwise and regular process, resulting in
a regular ‘‘Mille-Feuilles” structure. From linear ﬁtting,
an average increase of the absorbance of 0.045 per bilayer
was obtained (correlation coeﬃcient R = 0.9).
On the other hand, the Soret absorption band of
ZnTPPS4 in the multilayer ﬁlms solution is broadened
and red-shifted in comparison with that of ZnTPPS4 in
solution, a narrow Soret band with kmax = 420 nm. The
two weak Q-bands also red-shifted from kmax = 553 nm
and 598 nm to 563 nm and 606 nm. The bathochromic shift
in the absorption bands, as well as the broadening of the
absorption bands result from the strong electronic interac-
tion between individual porphyrin molecules absorbed in
the ﬁlm. Therefore, Fig. 1 shows that the adsorbed porphy-
rins are a layer of J-aggregates, which have been observed
previously in the layer-by-layer ﬁlms [19–22].
The emission spectra of (pLys/ZnTPPS4)7 multilayer
ﬁlm excited at a wavelength of 434 nm only show a very
weak ﬂuorescence signal (data not shown). In comparison
to the two emission bands at 606 nm and 658 nm observed
with a ZnTPPS4 dilute solution, the emission spectrum of
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shifts to longer wavelengths. This again should corroborate
the formation of ZnTPPS4 J-aggregates during the depo-
sition [23].3.2. Electrochemical behaviour of (pLys/porphyrin)n
multilayers
The electrochemical characteristics of (pLys/porphyrin)n
multilayers was investigated by cyclic voltammetry. Fig. 2
displays CVs of (pLys/porphyrin)n ﬁlm (n = 1, 3 and 7,Fig. 2. CVs of (pLys/ZnTPPS4)n multilayers (n = 1 (a), 3 (b) and 7 (c),
respectively) placed in contact with DCE containing 5 mM BTPPATPFB
at various scan rate: 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08 and 0.10 V s1
from inner to outer.respectively) assembled on MUA-modiﬁed gold electrode
at diﬀerent scan rates. All the CVs for (pLys/porphyrin)n
ﬁlm assembled on MUA-modiﬁed gold electrode contain
one pair of coupled oxidation/reduction current peaks
between 0 V and 1.2 V. Whereas, CVs of pLys assembled
on MUA-modiﬁed gold electrode without porphyrin exhib-
its only capacitive current within the potential region
between 0 V and 1.2 V. Therefore, the observed faradaic
current in CVs of (pLys/porphyrin)n ﬁlm is attributed to
redox reaction of porphyrin unit [Zn(II)TPPS4/
Zn(II)TPPS3], which indicates a well-deﬁned electroactiv-
ity of the porphyrin in the multilayer structure.
Furthermore, from the CVs of Fig. 2 show that the
number of deposited bilayers has a signiﬁcant eﬀect on
the voltammetric response of the multilayer ﬁlms. For the
1-bilayer ﬁlm, the anodic and cathodic peak currents
increase linearly with the increase of potential scan rate
in the range of 0.01–0.1 V s1 (shown in Fig. 3a). This is
a voltammetric response of surface bound species for which
there is instant charge compensation by ions from the
organic phase [24–28]. It is interesting to notice that if
the forward peak potential remains constant, the back-
ward peak potential shifts upon increasing scan rates.3
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an electron transfers from porphyrin molecules/aggregates
to the gold electrode across the thiol monolayer and the
pLys layer. The forward peak is broad, and such a broad-
ening has been described by White et al to be due to a com-
bined eﬀect of slow kinetics and counter ion mass transport
[29]. Collman et al. have also observed such behaviour for
porphyrin multilayer modiﬁed electrodes and have rationa-
lised the voltammetric response by considering the concen-
tration dependence of the surface activity coeﬃcients [30].
Murtomaki has also recently shown that the observed vol-
tammograms can be analysed in the case of a supported
ITIES by considering the potential dependence of the
transfer of the counter ion across the liquid|liquid interface.
The return peak is narrower but shifts with scan rate indic-
ative in any case of a slow kinetic [31].
As the number of layers is increased, the charge compen-
sation must take place either through ingress or egress ion
transfer reactions to maintain the ﬁlm electroneutrality. On
the forward scan, anion ingress or a cation egress, and
inversely on the reverse scan, cation ingress or an anion
egress are taking place. Considering the species present,
the forward scan is likely to be accompanied by a sodium
ion egress and the reverse scan by a phosphate or chloride
ion egress. All these aqueous ions are incorporated in the
ﬁlm during the layer-by-layer assembly.
As can be observed in Fig. 2, both peaks get broader
and further separated as the ﬁlm thickness increases. For
a 7-bilayer ﬁlm, the scan rate dependence of the oxidation
peak current shows a linear relation of the square root of
the scan rate as shown in Fig. 3b. This shows that for thick
ﬁlms, mass transport either in the ﬁlm or to the ﬁlm plays a
role.
From a mechanistic viewpoint, it is most likely that the
diﬀerent layers are oxidized stepwise as observed by the
peak broadening. Indeed, the oxidation of the ﬁlm can be
considered as a multi-step process, e.g. for a 5-layer process
M–ðP–P–P–P–PÞ !eM–ðPþ–P–P–P–PÞ
!M–ðP–P–P–P–PÞþ
M–ðP–P–P–P–PÞþ !eM–ðPþ–P–P–P–PÞþ
!M–ðP–P–P–P–PÞ2þ
This successive electron transfer reactions to oxidize the
ﬁlm take place at increasing redox potentials, yielding also
a peak broadening. The mathematical modeling of this
multi-step reaction is beyond the scope of this manuscript,
but the ‘‘Mille-Feuilles” structure developed is an interest-
ing model of highly layered redox states.
In a previous communication, we endeavoured to distin-
guish a modiﬁed electrode from a supported interface
between two immiscible electrolyte solutions (ITIES). In
the former, the potential drop between the metallic elec-
trode and the organic solution spans across the ﬁlm. In
the latter, we have two distinct polarised interfaces in ser-
ies, the centre of the ﬁlm being electroneutral. The potentialdiﬀerence between the electrode and the organic electrolyte
solution is then distributed ﬁrst at the metal–ﬁlm interface
and then at the ﬁlm–organic electrolyte solution interface.
In this case, this interface is a classical polarised liquid–
liquid interface called ITIES. When the ﬁlm is made of
bilayers of pLys and pGlu (poly-glutamate) we had shown
that the transition between a modiﬁed electrode and a sup-
ported ITIES occurs when the ﬁlm thickness is 5-bilayers
thick.
The voltammograms in Fig. 2 also show that the current
is proportional to the number of porphyrin layers showing
all the layers are oxidized as illustrated in Fig. 4 in the case
of the peak current at diﬀerent scan rates.3.3. Photoinduced charge transfer properties
Fig. 5 shows photocurrent transients of porphyrin mul-
tilayers of diﬀerent thicknesses at negative applied poten-
tials. There is no faradaic response in this potential range
prior to illumination, and upon illumination fast cathodic
photocurrent responses can be observed associated to the
photoreduction of oxygen in the ﬁlm. Generally, the initial
photocurrent of a photosensitive ﬁlm coated electrode is
only associated with the photo-oxidation and photoreduc-
tion of the ﬁlm and it can be simply expressed by [3,32]:
j0ph ¼ U kox  kred
  ð1Þ
where kox and k

red are the respective electron transfer rate
constants (s1) from the excited ﬁlm to the gold surface
(photo-oxidation) or from the gold electrode to the excited
ﬁlm (photoreduction) as illustrated in Scheme 3. The
parameter U is deﬁned by:
U ¼ FAI0
NAkr
ð2Þ
where F, A, I0 and NA denote Faraday’s constant, the
absorbance of the ﬁlm, the incident light intensity and Avo-
gadro’s constant, respectively. kr is the average rate con-
stant assigned to the decay of the excited state of the
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Fig. 5. Photocurrent transients of (pLys/ZnTPPS4)n multilayers (n = 1 (a), 3 (b), 5 (c) and 7 (d), respectively) at various applied potentials: 0.4, 0.3,
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Scheme 3. Model of the photoinduced electron transfer reactions. (S)
represents the porphyrin sensitizer and (D) is an electron donor and (A) is
an electron acceptor.
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microseconds. When only a photocathodic current is ob-
served, the photoreduction is dominant and we have
kred  kox. In this case, Eq. (1) reduces to:
j0ph ¼ Ukred ¼ 
FI0k

red
NAkr
A ð3Þ
Then, due to the recombination reaction, the photocur-
rent decays slowly with time. As can be observed fromFig. 5, the thicker the ﬁlm the stronger the decay. For thin
ﬁlms, the photocurrent is pseudo steady-state and the rate
limiting step is the electrode reaction. For thick ﬁlms, the
chemical re-oxidation of the reduced porphyrins by oxygen
is not fast enough to maintain a steady-state photocurrent.
The ﬁlm being an aqueous one, it is possible that the re-oxi-
dation reaction by molecular oxygen takes place at the
ﬁlm/organic solvent interface as the solubility of oxygen
is higher in the organic phase. When the irradiation is
oﬀ, the photocurrent decreases quickly to zero, and no
recombination overshoot can be observed. It should be
mentioned that no photocurrent is observed in the absence
of porphyrins in the ﬁlm.
From Eq. (3), we can obtain the potential dependence of
the electrochemical reduction rate constant kred. As illus-
trated in Fig. 6, it is interesting to notice that for thin ﬁlms,
the rate constant increases whereas, for thicker ﬁlms it
decreases. This observation conﬁrms previous studies
showing that for less than ﬁve bilayers a modiﬁed electrode
behaviour is expected where the overall potential diﬀerence
between the metal and the organic phase is spread across
the ﬁlm, and resulting here in diﬀerent potential dependent
kinetics. For ﬁlm thicknesses larger than ﬁve bilayers, a
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overall potential diﬀerence occurs at the metal–ﬁlm inter-
face and at the ﬁlm/organic phase interface. As a result
here, the rate constant kred is maximum for a 5-bilayer ﬁlm.
This distinction between modiﬁed electrode and sup-
ported ﬁlm behaviour can also be observed when compar-
ing the initial photocurrent as a function of the absorbance
as illustrated in Fig. 7. We can see that the photocurrent
magnitude at diﬀerent applied potentials increases up to
ﬁve bilayers, and then decreases.4. Conclusion
Porphyrin multilayer ﬁlms were assembled with poly-
peptides on MUA-modiﬁed gold electrodes using a layer-by-layer approach. The resulting ‘‘Mille-Feuilles” structure
is conﬁrmed by UV–visible absorption spectra. The por-
phyrins deposited form J-aggregates on the top of each
polypeptide layers. The electrochemical response of this
‘‘Mille-Feuilles” modiﬁed electrode was studied in an
organic electrolyte solution immiscible with water, so as
to trap of the water-soluble species within the aqueous
layer. Cyclic voltammograms and photocurrent measure-
ments were performed to characterize charge transfer pro-
cesses under dark and illumination conditions. It is shown
clearly that thin pLys/ZnTPPS4 ﬁlms behave as modiﬁed
electrodes, whereas thicker ﬁlms behave as supported aque-
ous ﬁlms. The photocurrent response clearly shows that the
present approach can be developed to design photo-elec-
trodes with a large photo capture cross-section and eﬃcient
vectorisation.Acknowledgements
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